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Composite materials are finding increasing use in il1dustry due to 
t~eir attractive strength-to-weight ratio, tailored stiffness, thermal 
expansion properties, resistance to fatigue and corrosion. 
Unfortunately, these fiber reinforced polymers are vulnerable to 
disbonding between successive plies (delaminations) and cracks that 
propagate parallel to the material fibers. This damage can be induced by 
relatively lowenergy impacts, such as a dro~ped tool. In many instances 
this damage is not evident from visual inspection and cannot always be 
detected by X-ray or ultrasonic C-scan examination. 
The develop'llent of a built-in "Structurally Imbedded Fiber Opti c 
'Jamage Evaluat ion" (S IFOOE)- system coul d be used for impact detect ion and 
location; delamil1ation and rnicrocrack detection, location and assess'llent; 
damage growth monitoring; bond failure alert; stress wave detection and 
possibly fluid leak detection and location. Although optical fibers have 
been shown previously to be capable of detecting damage by authors such 
as Crane et alO] and Hofer [~J, we shall reoort on several new 
advances. 
STRUCTURALLY IW~EDOE'J FI3ER OPTIC DMAG~ EV~LUATION SYSTEM 
In a SIFOOE-syste'1l light from a light source is directed through a 
fiber optic bundle to a grid of specially treated optical fibers imbedded 
within a composite material panel. The distribution of 1 iqht transmitted 
through the optical grid is recorded and represents the reference 
transmission state for the system. The panel is then impacted with a 
weight of known mass and measured velocity. Oamage to the panel as 
i"dicated by fracture of the optical fibers is then compared \>/ith visual 
inspection, backlighting and C-scans. 
Backlighting and Optical Bleeding 
Kevlar/epoxy panels (made mostly from Fiberite HY-E17714AA/4560 
unidirectional prepreg tape) of various configurations were used in aur 
initial worl<. The transl ucent nature of these panel s 'lla':le it possible to 
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(i) pinpoint the position of fracture along each optical fiber from 
bleeding of the helium-neon laser radiation and (ii) directly observe the 
delamination region by means of intense backl ighting of the panel. We 
have determi ned that fracture of an opti cal fi ber 1 eads to profuse 1 i ght 
bleeding and a concomitant drop in the transmission of the optical fiber 
by at least 90%. This can be seen in Fig. 1. The backlighting technique 
involves illuminating the panel with an intense light. Oelamination 
within the panel casts a shadow which can be seen by eye in thin oanels. 
For thicker panels we have used a camera and image processing techniques. 
As will be indicated later, this diagnostic technique is superior to 
conventional ultrasound C-scan in terms of resolution, speed and 
convenience. 
Treatment, Orientation and Depth Optimization 
We have found that in the case of Kevlar/epoxy panels, the imbedded 
optical fibers (Corning-1517 multimode with a diameter of 125 ~m) only 
fractured when they were in the immediate impact zone and then only if 
substantial damage was infl icted. A speci al treatment (patent 
application) has been devised that enables us to tailor the damage 
sensitivity of the optical fibres. 14e believe that controlling the 
damage sensitivity of the optical fibers will allow us to not only detect 
impact damage but to also monitor the growth of the damage zone due to 
the stress loading imposed on the structure during normal operation. 
The simplified approach made possible by the translucent nature of 
the Kevlar/epoxy panels has permitted us to perform an extensive analysis 
of the fracture-sensitivity of the optical fibers. We have studied this 
in terms of the optical fiber orientation relative to that of the 
material fibers in the adjacent plies. The nine optical fiber 
configurations tested with Kevlar 4 ply panels are displayed in Fig. 2. 
Our observations indicate that configuration (5), corresponding to 
(0,90fO}90,0) is the optimum for providing a reliable and sensitive 
indicator of damage. In this notation the impact surface is on the 
extreme left and we have introduced fo} to indicate that the optical 
fiber is at 0° and is sandwiched orthogonally between a pair of col inear 
90° plies. We assigned 100% accuracy to configuration (5) because the 
optical fibers fractured for each impact if they were within the 
delamination zone and never when they were outside the delamination 
zone. 
By comparison, configurations (3), (5) and (9), corresponding to 
optical fibers at 45° to the material fibers in the adjacent plies,were 
too sensitive as many of these optical fibers fractured even when they 
were outside the delamination zone. We have designated these as (+), 
while the remaining configurations were relatively insensitive and have 
been designated (-). These observations were reinforced in additional 
experiments involving 4-ply (45,-45)s Kevlar/epoxy panels where we 
Aft.r tapact 
Fig. 1 Transmission through imbedded optical fibers before and after 
impact. 
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Fi~. 2 Nine configurations for the imbedded optical fibers within a 4 
ply Kevl ar/epoxy panel. 
found that (45,-45f15l-45,45) was the optimum configuratian. We also 
determined, from a number of different 8 and 16 ply Kevlar/epoxy panels, 
that for optimum sensitivity the optical fibers should be located as 
close to the rear surface (opposite to the impact surface) as possible 
[3J. For thicker panels this is no longer the case due to the reduced 
flexure and high contact stresses. Under these circumstances the optical 
fibers have to be imbedded closer to the impact surface for optimum 
sensitivity. 
FRACTURE MECHANISM FOR IMBEODED OPTICAL FIBERS 
Threshold Energy Measurements for Damage and Fracture of Optical Fibers 
We have established that each degree of treat~ent of the optical 
fiber leads to a fairly well defined threshold impact energy for its 
fracture in any given layup. The threshold impact energy for fracture of 
the optical fibers im~edded into several different composite material 
layups was undertaken to determine if these threshold energies closely 
coincide with the threshold impact energy for damage of the material. 
So-ne of our results are presented in Fig. 3 and clearly confirm that the 
damage sensitivity of the optical fibers can indeed be made to match that 
of the Kevlar panels. 
The mechanism responsible for fracturing imbedded optical fibers 
during an impact has not previously been addressed. We believe that the 
three most likely mechani~ns are: (i) flexurally induced tension, (ii) . 
delamination induced shear forces, and (iii) through-the-thickness 
cracks, see Fig. 4. A simple, static stress analysis of a panel flexure 
during an impact su~gests that the imbedded optical fibers will fail once 
the tension at their location exceeds their ultimate strength, see Fig. 
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Fig. 3 Thresho1d impact energy for (---) damage and fracture of 
imbedded optica1 fibers' in two 1ayups. Three va1ues of thresho1d 
impact energy for optica1 fiber fracture corresponds to three 
different degrees of treatment. 
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Fig. 4 Three possible fracture mechanisms for the imbedded optical 
fibers. 
4(1). Indeed, such an ana1ysis suggests that the thresho1d impact energy 
for fracture of imbedded optica1 fibers in the case of Kev1ar 
(0,90,90,O,O,90fO}90,O) 1ayup wou1d be about 0.5 (J), which is c10se to 
the observed va1ue indicated in Fig. 5. Additional evidence in support 
of this f1exura11y induced tension is provided by the much 1arger impact 
energy required for fracture when the optica1 fibers are positionerl 
further from the rear surface, which suffers the maximum f1exure. 
Unfortunate1y, however, this u1timate-strain theory cannot account 
for a11 of our observations. For examp1e, Fig. 6 revea1s an eno~ous 
di sparity between the thresho1 d impact energy for fracture of imbedded 
optica1 fibers that are in the sa~e 10cation but oriented different1y. 
Furthermore, using a comprehensive numerica1 model of the impact event, 
G10ssop [3J oredicts that the strain experienced by the optica1 fibers 
oriented paralle1 (n) to the adjacent material fibers shou1d be higher 
than that experi enced by thei r perpendi cu1 ar (1) counterparts. It is 
a1so obvious that a simple u1timate-strain theory over1ooks the presence 
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Fig. 5 Oependence of threshold impact energy for fracture of optical 
fibers with depth. 
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Fig. 6 Oependence of threshold imp~ct energy for fracture of optical 
fibers with orientation. Note that (II) optical fibers did not 
fracture even at 6J. 
of matrix cracks and delaminations. Cantwell and r-1orton [4J, observed 
that impacts to thin laminates will cause matrix cracks to appear in the 
rear surf ace when the fl exura 1 i nduced st ra in exceeds the ul t imate 
tensile strength of the matrix. These cracks will propagate upwards 
through the colinear plies until they reach an interface between olies of 
different material fiber direction, whereupon t~ey are deflected and 
cause interlaminar disbonding (delamination). Postmortem of several of 
our thin «16 plies) Kevlar panels has verified that delamination usually 
occurs between the two pl ies furthest from the impact surf ace and never 
arises between colinear plies. In thicker oanels the high contact 
stresses initiates matrix cracks in the upper laminates. 
We surmise that fracture of treated optical fibers occurs when a 
matrix crack propagating through the thickness of collinear plies 
encounters them. This theory would account for the di sparity in the 
threshold impact energy for fracture presented in Fig. 6. In essence 
optical fibers lying oarallel to the material fibers in the adjacent 
pl ies will not normally intersect matrix cracks. Further evidence 
supporting this matrix cracking mechanism for fracture of the optic~l 
fibers is provided in Fig. 7. In Fig. 7(a) bleeding from the only 
illuminated optical fiber imbedded in an impacted 6-ply Kevlar/epoxy 
(O,O,90,90,OI90l0) panel is seen t. o arise only within the treated section 
(between the arrows). When this Danel is stained with ink to reveal the 
presence of cracks on the rear surface it is apparent that the ontical 
fiber was fractured oy the first crack it encountered within the treated 
sect ion, see Fig. 7(b). 
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INFLUENCE OF THE IMBEOOEO OPTICAL FIqERS ON THE TENSILE ANO COMPRESSIVE 
STRENGTH OF THE COMPOSITE MATERIAL 
Concern that the presence of the imbedded optical fibers might have 
a detrimental effect on the properties of the composite material led us 
to investigate their influence. Figure g displays the variation of the 
axial load with axial displacement (as measured by an MTS-880 machine) 
for a 4 ply [02fqOlO J Kevlar coupon, with and without an array of 
optical fibers imbed~ed orthogonal to the material fibers between the 
middle two plies. This experiment and others (Fig. 9), indicate that the 
tensile strength is not compromised by the presence of imbedded optical 
fibers. The variation in the manufacture of these panels can be seen to 
generally give a 10% spread in the data. Measurements of the ultimate 
compressive strength of 8 ply (90a) Kevlar/epoxy panels with and without 
a layer of imbedded optical fibers (orthogonal to the material fibers) 
suggest the same conclusion, see Fig. 10. We have also checked that the 
imbedded optical fiber grids do not have a detrimental influence on the 
material's resistance to delamination, Measures et al [5J. 
IMAGE ENHANCEO BACKLIGHTING 
Takeda et al C6J photographed 15 ply gl ass/epoxy 1 aminates 
Fig. 7 ( a) 
( b) 
a b 
Light bleeding is seen only within the treated section of the 
imbedded optical fiber illuminated. 
First crack encountered within the treated section of the 
imbedded optical fiber can be seen to lead to light 
bleeding. 
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Fig. 8 Variation of the axial load with axial displacement for composite 
coupon with and without imbedded optical fibers. 
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Fig. 9 Ultimate tensile strength for a number of composite coupons with 
and without imbedded optical fibers. 
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Fig. 10 Ultimate compressive strength for a number of coupons with and 
without optical fibers. 
i11uminated by a strong backlight. In this way they were able to resolve 
cracks and delaminations. '4e have used digitally enhanced backlighting 
[7] to successfully examine Kevlar/epoxy laminates of up to 32 plies 
(over 10 mm) in thickness, Glossop [31. A Cohu 4810 series CCO camera 
was used in conjunction with a Nikon macro-lens, an imaging Technology 
PC-Vision+video digitizer board mounted in a microcomputer • . 11. 
representative comparison between image enhanced backlighting (an image 
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a) Subtracted backlit image of kevlar b) C-Scan 
Fig. 11 Comparison of image enhanced backlighting with ultrasound C-scan 
for 8 ply Kevlar/epoxy panel. 
of the panel recorded prior to impact was subtracted from the post-i'TIpact 
image) and ultrasound C-scans is provided in Fig. 11 for an impacted 8 
ply (45,-45,-45,45)s Kevlar/epoxy nanel. The presence of two 
delaminations, one aligned with the 45 0 material fibers, the other with 
the _45 0 fibers is only revealed by the image enhanced backlighting. 
CONCLUSIONS 
In the course of developing a structurally imbedded fiber optic 
impact damage detection system for cornposite materials we have devised a 
special treatment for the optical fibers that permits them to detect 
damage that is barely visible on the impact surface. \~e have determined 
that the o;:>timum damage sensitivity is achieved, in thin panel s «16 
plies), if the optical fibers are imbedded between collinear plies that 
are close to the rear surface and oriented orthogonal to the material 
fibers. We have also shown that the presence of these imbedded optical 
fibers has a negligible influence on the strength of the material. We 
have made the fi rst measurements of thethreshol d impact energy for 
fracture of the imbedded optical fibers in a nurnber of different layups 
and have shown that this threshold impact energy can be made close to 
that for damage of the composite material. We have also identified 
rnatrix cracking as the key fracture mechanism for the imbedded optical 
fibers. Lastly, we have demonstrated that image enhanced backlighting 
represents a high resolution and convenient method of assessing internal 
damage to translucent composite materials. 
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